Photocathode with superior catalytic activity, long-term stability, and fast mass/electron transfer is highly desirable but challenging for dye-sensitized solar cell (DSC). Herein, the ZIF-67 grown on carbon cloth is successfully transformed into CoSe 2 embedded in N-doped carbon nanocage (CoSe 2 /N-C) via a growth-carbonization-selenization process. The carbon cloth supported CoSe 2 /N-C, as photocathode of DSC, demonstrates a good long-term stability and high photovoltaic efficiency (8.40%), outperforming Pt. The good efficiency can be attributed to the high catalytic activity of CoSe 2 , fast mass transfer of porous three-dimensional (3D) structure, and good electron transport derived from the intimate contact between CoSe 2 and highly conductive carbon cloth. The high stability would be ascribed to N-doped carbon coating that perfectly prevents CoSe 2 from decomposition. This work will pave the way to develop highly efficient and stable Pt-free photocathode for DSC.
Introduction
Dye-sensitized solar cell (DSC) is a promising energy conversion device due to the facile fabrication process, competitive power conversion efficiency and reasonable durability under various environmental conditions [1] [2] [3] [4] [5] [6] [7] . The power conversion efficiency has been found to be highly dependent on the photocathode because of its crucial roles in catalyzing the redox reaction of I3 − /I − and transporting electrons to external circuit. Therefore, high conductivity and superior catalytic activity are vitally important for an effcient photocathode. In addition, low-cost, good mass transfer property, and high anti-corrosive ability are also highly expected [8] [9] [10] . Nowadays, noble metal Pt deposited on conductive fluorine doped tin oxide (FTO) substrate is commonly employed as photocathode, presenting a good catalytic activity on tri-iodide reduction in DSC. However, the low scarcity, high cost and poor stability in triiodide-based electrolyte limit its application on a large scale [1] . Thus, various kinds of materials, such as metal alloys, selenides, and carbon-based materials have been explored as alternatives to Pt [8, 9, [11] [12] [13] . Generally, the photocathode is fabricated by depositing the as-prepared catalysts on a conductive subtrate via spin-coating or doctor-blading technique, in which the catalyst particles are bound together to form pathways for electron transport. This fabrication method causes the following drawbacks: 1) The poor connection among catalyst particles hinders the electron transporting.
2) The weak adhesion to conductive substrate definitively leads to peel-off of catalyst layer, and consequently obstructs the catalytic activity and long-term stability [11] .
3) The diffusion and mass transfer of redox couple could be retarded within the catalyst layer, resulting in poor catalytic activity. Therefore, it is highly imperative but still challenging to explore an efficient and stable photocathode based on non-noble and earth-abundant elements for scalable utilization in DSC.
To this end, hierarchical-structure [14] and one-dimensional [15] [16] [17] nanomaterials, providing enough electron pathway, have drawn intensive attention. Herein, we design a promising threedimensional (3D) photocathode consisting of carbon cloth (CC) supported CoSe2 embedding in N-doped carbon nanocages derived from ZIF-67 [18] [19] [20] via the growth-carbonization-selenization step. The as-designed 3D photocathode presents better stability and photovoltaic efficiency (8.40%) than the thermally-deposited Pt counterpart. This photocathode holds the following advantages. 1) Low-cost CC with high conductivity works as the substrate to replace the high-cost FTO and provides a 3D porous skeleton for fast mass/electron transferring. 2) The CoSe2 nanoparticles (NPs) show high area-to-volume ratio, and decent catalytic activity for triiodide reduction and high conductivity benefited from the intrinsic metallic property of CoSe2.
3) The N-doped carbon coating on CoSe2 guarantees good protection of CoSe2 against erosion, tight adhesion to CC substrate, high conductivity, and partial contribution to catalytic activity.
of 125 g/m 2 . Cobalt nitrate hexahydrate (Co(NO3)2·6H2O) was obtained from Xilong Chemical Co. Ltd. 2-methylimidazole was sent by J&K company. Selenium powder (Aladdin, ≥ 99.99%) was gotten from Aladdin Industrial Corporation. Methanol, acetone, H2SO4 and hydrogen peroxide (H2O2, 30%) were in analytic grade and were obtained from Beijing Chemical Reagent Company.
Synthesis of CoSe2/N-C@CC samples and fabrication of solar cells

Pre-treatment of CC
The commercial carbon cloth (2 cm × 2 cm) was firstly washed using acetone under sonication for 1 h. The CC was subsequently cleaned in deionized water for three times. Then, the substrate was activated with "piranha solution" (98% H2SO4/30% H2O2 75:25 v/v) at room temperature for 12 h to fully remove organic ligands on its surface. The purpose of pre-treatment process is to generate abundant oxygenous groups and surface imperfections, which will benefit the growth of ZIF-67 on its surface.
Synthesis of ZIF-67@CC, CoOx/N-C@CC, and CoSe2/N-C@CC sample
A schematic diagram for the synthesis of samples is illustrated in Fig. 1 . The prepared CC was firstly immersed into Co 2+ solution (3 mmol in 20 mL CH3OH) for 1 h to absorb abundant Co 2+ ions on its surface. Meanwhile, 2-methylimidazole (1.97 g) was also dissolved in CH3OH (30 mL). The Co 2+ solution was then poured into the 2-methylimizole solution. Noticeably, the color of solution changed from colorless to purple. Subsequently, the CC sample was dipped in the reaction solution under ambient temperature for 24 h. Finally, the sample was taken out and washed using CH3OH, and then, vacuum-dried at 50 ºC for 2 h. To prepare CoOx/N-C@CC sample, the above-mentioned ZIF-67@CC was loaded in a quartz boat and placed at the central zone of a tubular furnace. The furnace temperature was increased from room temperature to 800 ºC at a ramping rate of 5 ºC·min −1 under N2 atmosphere. Then, the furnace was kept at 800 ºC for 2 h. After that, the furnace was turned off, and the chamber was naturally cooled to room temperature in the flowing N2 gas. Before heating, the whole system was evacuated with a rotary pump and purged with N2 flow alternatively for three times to expel oxygen. The CoSe2/N-C@CC was obtained by selenization treatment on the CoOx/N-C@CC sample in the tubular furnace via vapor selenization approach. A quartz boat containing Se powder (500 mg) and sample boat were successively put at the center of chamber. The selenization reaction was controlled at 500 ºC for 2 h with a heating rate of 5 ºC·min −1 using N2 as carrier gas. Finally, the furnace was naturally cooled down to room temperature.
Fabrication of DSC devices
TiO2 films were fabricated on FTO substrate via doctor-blading technique to get a 12 μm TiO2 layer and a 4 μm thick scattering layer according to previous reports [21] [22] [23] . Subsequently, the TiO2 electrodes were treated in 40 mM TiCl4 at 70 °C for 30 min, and then, sintered at 450 °C for 30 min. After the temperature cooled down to 85 °C, the electrodes were immersed into 0.5 mM N719 dye solution (mixture of acetonitrile and tertiary butanol with volume ratio 1:1) for 16 h. The N719-sensitized TiO2 film and the CE were separated with a hot-melt Surlyn film (25 μm thick) and liquid electrolyte. The electrolyte consisting of a solution of dimethylpropyl-imidazolium iodide (0.6 mol·L ) in acetonitrile was used in all the cells [22] . For comparison, the conventional Pt CE was prepared by thermal decomposition of H2PtCl6 (30 mM in isopropanol) solution on the FTO and sintered at 385 °C for 30 min. 
Characterization
The morphology of samples was characterized by field emission scanning electron microscope (JEOL, JSM-7800F). The high-resolution transmission electron microscopy (HRTEM) image was obtained by a JEOL JEM-2100F transmission electron microscope operating at 200 kV. The crystal structure of the samples was examined by an X-ray diffractometer (Bruker AXS D8-Advance) with Cu Kα radiation (λ = 1.5418 Å). The operation current and voltage was set at 40 mA and 40 kV, respectively, with 2θ ranging from 10° to 80°. The standard XRD patterns of CoO (PDF#43-1004), Co3O4 (PDF#42-1467) and CoSe2 (PDF#09-0234) were employed as references. X-ray photoelectron spectroscopy (XPS) measurements were performed on ESCA Lab250 spectrometer using Al Kα (1,486.6 eV) irradiation as X-ray source. All of the spectra were calibrated to the binding energy of the adventitious C 1s peak at 284.8 eV. The Raman spectrum was recorded with a confocal inVia Reflex Raman microscope.
Electrochemical measurements
CV measurement was performed on an electrochemical work station (CHI 660E, CH Instrument) using a three-electrode system. The as-prepared samples (Pt CE, bare CC, CoOx/N-C@CC and CoSe2/N-C@CC) with working area of 1 cm 2 , a Pt wire, a saturated calomel electrode (SCE) was as working electrode, counter electrode, and reference electrode, respectively. The scanning was conducted by sweeping the potential from 1.3 to −0.6 V vs. SCE at room temperature in an acetonitrile solution containing LiClO4 (0.1 mol·L , calibrated using a Si reference cell (Oriel Newport PN91150V).
Results and discussion
As shown in Fig. 1(a) , the 3D CoSe2/N-C@CC electrode was fabricated via successive growth, carbonization and selenization of (Fig. 1(b) ) [19, 24, 25] , compared with bare CC (Fig. S1 in the Electronic Supplementary Material (ESM)). The morphologies (inset of Fig. 1(b) ) are in good agreement with ZIF-67 particles in previous reports [26] [27] [28] . The shape was evolved into sphere with a diameter of several hundred nanometers after carbonization (Fig. 1(c) ), which can be ascribed to the shrink during pyrolysis of ZIF-67 [27] . No obvious changes in morphology and size were observed in the following selenization process (Fig. 1(d) ). For comparison, the ZIF-67 NPs with size of ~ 400 nm were also prepared in the absence of CC as the support (Figs. S2(a) and S2(b) in the ESM) . However, the sample aggregated severely and its shape was heavily destroyed after being sintered at 800 ºC for 2 h under nitrogen atmosphere (Figs. S2(c) and S2(d) in the ESM). In the presence of CC substrate, the as-grown particles were tightly anchored to CC during the whole fabrication process, successfully avoiding crash and aggregation, which is benefit for the high catalytic performance on tri-iodide reduction (IRR).
The crystal structure of the catalysts was characterized with HRTEM. As shown in Figs. 1(e) and 1(f) , the clear lattice fringes indicated a high crystallinity. The lattice space was calculated to be 0.292 nm, assigning to the (200) crystal plane of the cubic CoSe2 [29] . Furthermore, the relevant fast Fourier transform (FFT) image (inset of Fig. 1(e) ) also demonstrated the formation of cubic phase CoSe2 with three index facets of (200), (210) and (211). XRD patterns confirmed the formation of CoOx and CoSe2 on CC during the catalyst fabrication process (Fig. 2(a) ). For comparison, both ZIF-67 and ZIF-67@CC were also checked with XRD ( Fig. S3(a) in the ESM), and the results demonstrated that the ZIF-67 particles were successfully anchored on CC [26, 28, 30] . As shown in Fig. 2(a) , the strong peaks at 26.0° and 43.5° can be attributed to (002) and (102) diffraction planes of CC, respectively [27, 31, 32] . After carbonization (800 °C for 2 h), no diffraction peaks for Zn, ZnO, or other impurities were observed in the XRD patterns. Peaks at 36.5°, 42.4°, 61.5° and 31.3°, 36.9° were ascribed to the diffraction of CoO (JCPDS PDF#43-1004) and Co3O4 (JCPDS PDF#42-1467) respectively [30, 33] , indicating that the ZIF-67 was converted into CoOx. After selenization treatment (500 °C for 2 h), newly formed sharp peaks indicated a good crystallinity and the peaks at 30.5°, 34.2° and 37.8° can be well indexed to (200), (210) and (211) of cubic CoSe2 [29, 30] , together with HRTEM results, demonstrating the successful converting CoOx into CoSe2. In addition, the 3D-nanostructures were further checked with Raman spectra. As shown in Fig. 2(b) , two characteristic peaks centered at 1,350 and 1,600 cm −1 , can be ascribed to disordered sp 3 carbon (D-band) and graphite sp 2 carbon (G-band), respectively [30, 34] . In comparison with CC, the CC with thermal treatment (800 ºC for 2 h, and then 500 ºC for 2 h) shows a slight increase in ID/IG ratio, from 1.13 to 1.16. After the conversion of ZIF-67@CC (ID/IG ratio is 1.13, Fig. S3(b) in the ESM) into CoOx/N-C@CC, the ID/IG ratio was increased to 1.19. The ID/IG ratio in CoSe2/N-C@CC was further increased to 1.24 after selenization, which is far higher than that of CC (1.16) with thermal treatment, implying more defects in the carbon structure [30] , which can be attributed to the newly formed N-doped carbon shell on CoSe2.
The catalyst distribution on CC was further characterized via scanning electron microscope (SEM) image (Fig. 3(a) ) and elemental mapping analysis (Figs. 3(b)-3(e) ). C, N, Co and Se elements were clearly found in CoSe2/N-C@CC. The spherical particles on CC mainly consisted of Co and Se elements (Figs. 3(d) and 3(e) ), and the C and N elements were surrounding the CoSe2 particles (Figs. 3(b)  and 3(c) ). In the case of CoOx/N-C@CC, CoOx particles were also surrounded by C and N elements (Fig. S4 in the ESM) . The elemental mapping results also demonstrate the successful conversion of CoOx to CoSe2 coated with a nitrogen-doped-carbon shell.
Moreover, the X-ray photoelectron spectroscopy (XPS) analysis was conducted to investigate the surface electron states of the as-obtained CoSe2/N-C@CC. As shown in Figs. S5 and S6 in the ESM, C, N, Se and Co elements were detected in CoSe2/N-C@CC. It is noteworthy that the peaks, located at 782.5 and 798.1 eV, can be ascribed to characteristic signal of Co 2p3/2 and 2p1/2, respectively ( Fig. S6(a) in the ESM) [6, [28] [29] [30] . These peaks could be divided into four peaks at binding energies of 782.0, 784.0 797.9, and 800.0 eV, respectively. The peaks at 782.0 and 797.9 eV indicated the presence of Co-Co bond (Fig. S6(a) in the ESM) . The other two peaks at 784.0 and 800.0 eV, with their satellite peaks at 787.5 and 803.8 eV, were ascribed to the coordination between Co and Se [28] [29] [30] . Meanwhile, the signals of Se 3d5/2 (55.9 eV) and 3d3/2 (61.3 eV) were also observed, which were assigned to Co-Se and Se-Se bonds, respectively (Fig. S6(b) in the ESM). These results further confirmed the formation of CoSe2. The C 1s spectra could be fitted well using three peaks located at 284.7 (C-C/C=C), 285.3 (C=N-C) and 286.4 eV (C-O) (Fig. S6(c) in the ESM) [35] . Figure S6 (d) in the ESM shows the high-resolution XPS spectra of N 1s. The N 1s peak can be divided into four peaks, located at the binding energy of 396.4, 399.2, 400.5 and 402.2 eV, corresponding to the Co-N interaction (N1), pyrrolic-N (N2), graphitic-N (N3) and pyridine-N-oxide groups (N4), respectively [36] . The existence of pyridine-N and C-N bonds indicated that the carbon was doped by nitrogen, implying the formation of CoSe2@C-N core-shell structure [34, [36] [37] [38] , which are consistent with the aforementioned element mapping results.
Cyclic voltammetry (CV) was consequently performed to evaluate the catalytic activity and stability of the 3D CoSe2/N-C@CC electrode towards IRR [1, [39] [40] [41] . For comparison, various electrodes, including bare CC, CoOx/N-C@CC, and Pt electrode (commonly used in DSC) were also tested. Two pairs of peaks were observed for all electrodes, as shown in Fig. 4(a) . The negative redox pair is must be effectively reduced to iodide ions (I  ) on the photocathode [40, 41] . The current density and peak potential varied significantly for different electrodes. The separation of cathodic and anodic peaks potential (ΔEPP) for bare CC was 1.06 V, whereas, the value slightly changed to 0.95 V, with the incorporation of CoOx/N-C@CC. Moreover, after selenization, the ΔEPP for CoSe2/N-C@CC electrode decreased significantly to 0.61 V, which is very close to that of Pt electrode (0.58 V). The corresponding value of ΔEPP for various electrodes is summarized in Table S1 in the ESM. The ΔEPP decrement indicates that tri-iodide ions are pretty readily to be reduced on the CoSe2/N-C@CC electrode. Additionally, the current density (JA / mA·cm −2 ) of reduction peak for different electrodes increased in the order of CC (4.05) < CoOx/N-C@CC (5.46) < CoSe2/N-C@CC (7.21), outperforming Pt (2.59), which implies that the IRR is faster after the catalyst decoration of CC [41] . In addition, the long-term stability is another key parameter for an efficient catalyst decorated electrode [41] , and thus the electrochemical stability of CoSe2/ N-C@CC and Pt electrode was tested by CV with 200 cycles from 1.3 to −0.6 V (vs. SCE). As shown in Fig. S7 in the ESM, the final cathodic and anodic current density of Pt electrode maintained 76% and 85% of the initial value, respectively. Whereas, in the case of CoSe2/N-C@CC electrode, the final values for cathode and anode was still 93% and 85% of the initial value, respectively. Meanwhile, SEM images of CoSe2/N-C@CC electrode before and after 200 cycles CV test were also checked (Fig. S8 in the ESM) , and no observable change was found in the morphology of the electrode. All results identified that the CoSe2/N-C@CC presented an outstanding stability, exceeding Pt counterpart.
Furthermore, the contribution of nitrogen-doped-carbon (N-C) shell surrounding CoSe2 was also evaluated. For the sake of comparison, pristine CoSe2 anchored to CC (CoSe2@CC) was prepared and confirmed by the SEM (Fig. S9 in the ESM) and XRD measurements (Fig. S10 in the ESM) . The CoSe2/CC electrode showed a little bit catalytic activity for I3 − /I − redox reaction ( Fig. S11(a) in the ESM) , however, the current density of reduction peak decreased dramatically after 200-cycle scanning (Fig. S11(b) in the ESM). In comparison with CoSe2/CC, the CoSe2/N-C@CC presented a smaller ΔEPP and a higher current density. The stability was also greatly improved due to the N-doped carbon shell on CoSe2 [6, 42] .
Encouraged by aforementioned CV results, the as-prepared 3D structures were utilized as the photocathode of DSC. The typical photocurrent density−voltage (J−V) curves of champion cells were displayed in Fig. 4(b) , with corresponding photovoltaic parameters summarized in Table 1 . Obviously, photovoltaic parameters of device, including open-circuit voltage (Voc), short-circuit photocurrent density (Jsc) and power conversion efficiency (PCE) mainly rely on the photocathodes used in the devices. In comparison with bare CC-based device, PCE increased from 5.22% to 6.23% after incorporating CoOx/N-C on the CC. After transferring CoOx into CoSe2 upon selenization treatment, the PCE further increased to 8.40%, outperforming the Pt electrode (8.09%). More importantly, the CoSe2/N-C@CC electrode showed a much higher Jsc (16.39 mA·cm −2 ) than that of Pt CE (15.11 mA·cm −2 ). For comparison, CoSe2/N-C NPs were firstly prepared and then dropped on the CC substrate to fabricate a control electrode, labelled as CoSe2/N-C-CC. SEM images indicated that CoSe2/N-C NPs aggregated severely (Fig. S12 in the ESM), totally different from NPs in the case of CoSe2/N-C@CC. The resultant DSC showed a PCE of 5.51%, which is far lower than that of CoSe2/N-C@CC (8.40%). These results further suggest that intimate contact between CoSe2/N-C and CC is vitally important to achieving good charge transferring, and thus excellent photovoltaic efficiency [40] .
Conclusions
In conclusion, CoSe2 NPs embedded in nitrogen doped carbon nanocages (CoSe2/N-C) were tightly anchored onto carbon cloth, derived from the successive carbonization and selenization of ZIF-67 grown on carbon cloth. The 3D porous structure (CoSe2/N-C@CC), as the photocathode for DSC, presented higher efficiency (8.4%) and better stability than those of Pt. The improved efficiency can be ascribed to the good catalytic activity of CoSe2, fast mass transport of 3D porous structure, and good electron transfer resulted from the intimate contact between CoSe2 and highly conductive carbon cloth. The long-term stability could be attributed to N-doped carbon coating, perfectly protecting CoSe2 against erosion. The study will guide further developments in the design and fabrication of high-performance Pt-free photocathode for DSC.
